We demonstrate the use of holographic optical tweezers for trapping particles in air, specifically aerosol droplets. We show the trapping and manipulation of arrays of liquid aerosols as well as the controlled coagulation of two or more droplets. We discuss the ability of spatial light modulators to manipulate airborne droplets in real time as well as highlight the difficulties associated with loading and trapping particles in such an environment. We conclude with a discussion of some of the applications of such a technique.
Introduction
Optical manipulation techniques have matured considerably in the 35 years since Ashkin first demonstrated the use of radiation pressure to guide particles [1] . The field was firmly established by the demonstration of the optical tweezers technique by Ashkin et al [2] , and these have developed into a tool that is routinely used to probe biological function [3, 4] , colloidal dynamics [5, 6] , properties of light beams [7, 8] , and to facilitate the stable trapping and manipulation of particles at the micron scale in a wide range of disciplines. Almost the entire body of work on optical manipulation is carried out on particles suspended in a liquid medium. This medium acts to damp out the motion of particles as they are trapped and this fact combined with the buoyancy of particles in such samples makes their trapping relatively straightforward. To trap particles in the absence of such a damping medium (such as air) is more difficult and less relevant for studies to date. Ashkin studied the optical levitation of airborne droplets [9] and others have used these techniques to probe the size and composition of aerosols [10, 11] but it is only relatively recently that their optical tweezing (that is gradient force trapping) has been demonstrated [12, 13] .
The ability to trap and interrogate airborne particles in a controlled manner offers much to those who wish to study aerosol properties, composition and dynamics. The localization of droplets in this way has recently been used to probe the Raman spectra of a trapped seawater droplet [14] as well as the controlled oxidation of oleic acid within the droplet. The stable trapping of the droplet also allowed the reaction and growth dynamics of the process to be followed. In a related experiment [15] the cavity enhanced Raman signal from a trapped droplet acting as a cavity was used to size droplet diameters to +/-2nm and using a dual beam system two droplets could be controllably coagulated. Such experiments should allow systematic studies of processes on and within aerosols to be carried out with the atmospheric sciences being the main beneficiaries.
In this paper we outline the first use of holographic optical tweezers [16, 17] for the manipulation of airborne particles, in this case aerosol droplets. Making use of such devices allows for arrays of particles to be trapped simultaneously, as well as allowing their controlled xyz translation. We show that controlled coagulation can be achieved and discuss the performance of the spatial light modulator in this context as well as outlining future applications of such a technique.
Experimental setup
Holographic tweezers are now a well established technique for the simultaneous manipulation of many particles. Recent work using these tools has explored applications in microfluidics [18, 19] , Raman imaging [20] and the creation of complex colloidal structures [21] . Our system makes use of a Holoeye LC-R 2500 spatial light modulator (SLM) to modulate the phase of 532nm cw light from a Laser Quantum Finesse laser (maximum output 4W). A schematic of our system is shown in Fig. 1 . We first rotate the laser's plane of polarisation to optimize the efficiency of the phase modulation, then having expanded the beam via a telescope (L1 and L2) it is incident on, and covers, the SLM. Two 4f (L3 and L4, and L5 and L6) imaging systems are placed directly after the SLM to reduce the beam size to slightly overfill the back aperture of the microscope objective (Nikon CFI E Plan Achromat 100X oil, N.A. 1.25). The 4f imaging systems also make the SLM and back aperture planes conjugate. Having focused the light into the trapping plane the same objective is used for imaging. Fig. 1 . Experimental setup. W is a half-wave plate. Lenses L1 and L2, with focal lengths 75mm and 750mm respectively act to expand the laser source. Lenses L3, L4, L5, and L6 form the two 4f imaging systems with focal lengths 400mm, 250mm, 200mm and 100mm respectively. Finally lens L7, with a focal length of 200mm, is the tube lens used in conjuction with the microscope objective, OBJ, which focuses the desired trapping pattern into the trapping chamber containing a water soaked tissue. Mirrors M1 and M2 are broadband dielectric mirrors. Mirror DM is a green dichroic mirror and MM is a metallic mirror for imaging into the camera CCD. A beam block, BB, is used to remove the SLM's zeroth diffraction order. The aerosols are produced using an ultrasonic nebuliser, NEB.
We generate our holograms making use of a custom LabVIEW program implementing an adaptive-additive algorithm [22] which treats the SLM as a secondary microdisplay.
The aerosol droplets are created using an ultrasonic nebuliser (Omron U22(NE-U22-E)), which produces aerosols with a mass median aerodynamic diameter (MMAD) between approximately 3 and 5 microns [23] . Custom glassware is attached to the nebuliser allowing the droplets to be fed accurately into a sealed glass cube, with an inlet and outlet hole in either side, which acts as our trapping chamber. The bottom of the cube is formed from a glass coverslip having been soaked in a 2% weight by volume solution of sodium dodecyl sulphate, for reasons explained in the discussion. To help control the humidity inside the cell we place a small water soaked paper tissue in the cube. In the experiments making use of one type of aerosol we block the second hole to avoid unnecessary air currents.
For the work outlined here we make use of water aerosols. However, water droplets generally only exist in oversaturated atmospheres (that is with a relative humidity greater than 100%) so we use aqueous solutions of NaCl to decrease the vapour pressure of the droplets which allows them to form in relative humidity <100% [24] . The majority of the work has been carried out with 0.34817 Molar concentrations [25] but others have been tested, for example 40mM and seawater, which provide similar results, although they do alter the droplet dynamics. The ambient laboratory temperature is 22.5 ± 1ºC.
Experimental results
We are able to trap arrays of aerosol droplets as shown in Fig. 2 , which also outlines one of the difficulties of trapping in air. In a liquid medium it can be hard to reliably load a large array of trap sites with colloidal particles. One has to actively seek out the particles, but this can result in particles falling out of the trap or in multiple particles being trapped at a single site. Alternatively the trap can be static with particles flown in to try and fill the sites and this can lead to jamming, or particles knocking each other out. In air we have no choice but to wait for particles to fall into the traps. In the experimental geometry trap loading is far from optimized, and the images shown illustrate that although we have a relatively simple trap pattern, which would be easy to fill in a liquid, we may be unable to fill the sites at all if no aerosol flies into the trapping region of that site. The current system allows xy translation of droplets in single jumps of up to 3.40 ± 0.02μm, which combined with a high refresh rate of ~25 frames per second allows xy translation at speeds up to 85μms -1 . The precision to which we can translate droplets in x and y is 227 ± 1nm with control of droplets over the entire field of view; 45 by 60μm. The apparatus also allows z control of the droplets as shown in Fig. 3 . Fig. 3 . A series of microscope images demonstrating the z control of water droplets from -10 to +10 microns. The white bar indicates a scale of 5 microns.
We are able to trap a range of droplet sizes from ~2.5 to 12μm in diameter and determine that the minimum power required to trap an aerosol is 0.38 ± 0.02mW and an axial Q value of 0.22 ± 0.01, which are all comparable to results in conventional tweezers [15] . The droplet size is dependent on power with larger droplets requiring greater powers, as shown in Fig. 4 . Fig. 4 . Graph showing the variation of droplet size as a function of power. The vertical error has standard error bars increasing in size with power indicating that not only can higher powers trap, on average, larger droplets but also a greater distribution of sizes. The horizontal error bars mostly arise from the non perfect intensity uniformity of the trapping sites. However, the graph cannot convey the difficulty of achieving initial trapping at low powers.
This stable trapping and precise manipulation of water droplets allows not only their individual control but also the ability to coagulate multiple droplets both of which are demonstrated in Fig. 5 . One may imagine the Brownian motion of aerosol particles is too high, and the SLM refresh rate too slow to enable such precise control of water droplets. However, by calculating the displacement due to Brownian diffusivity using Eq. (1):
where k is Boltzmann's constant, T is the temperature in Kelvin, C c is the slip correction factor, μ is the viscosity of the surrounding fluid (air), D p is the droplet diameter, and t is the time. Plotting the results, Fig 6, it is clear that for the droplet sizes studied here the displacement due to Brownian motion after the SLM response time of 16ms is significantly below a single droplet radius [24] . 
Discussion and conclusion
Clearly from Figs. 3, 4, and 6 a major hurdle in quantitative analysis is the inability to accurately size droplets from video images alone, due not only to their dynamic nature but also to the poor definition of their edges on the video output. However, precise droplet size measurement techniques have already been demonstrated [15] allowing for future accuracy improvement and more precise quantitative results. The relationship between laser power and droplet size combined with the ability of holographic optical tweezers to control each individual trap site's intensity will eventually allow some degree of size selective trapping.
One problem encountered was the formation of water 'puddles' from parts of the aerosol cloud settling onto the microscope slide. Measuring tens of microns across they create sufficient aberrations in the beam to cause the loss of droplets from traps unless they are sited directly over the puddle's centre where curvature is at a minimum. As a solution we applied a detergent surfactant to the slide thus increasing the wetting and reducing the formation of puddles.
The quantitative results shown above are specific to one concentration of sodium chloride solution, with any alteration in the aerosol composition significantly altering the droplet's properties. This obviously increases the complexity over simple monodispersed or even polydispersed microspheres as they have fixed dimensions and properties where as droplets can condense, evaporate, absorb, and constantly interact with their surroundings.
The experiments described above show for the first time the optical trapping and control of arrays of aerosol particles. Further they demonstrate the applicability of using the slow (in comparison to acousto-optical deflection techniques) phase only SLMs to manipulate airborne particles and to coagulate them. However issues remain with the techniques as described for some applications. Better kinoform generation algorithms need to be implemented [26] in order to reduce the effects of ghost traps and increase the intensity uniformity of the pattern. As we are using a flow of aerosols from a nebuliser source we mimic how atmospheric aerosols might behave, and for real sampling strategies we must make robust devices that can cope with a range of particle sizes and velocities. To some extent this is what we have demonstrated. For other applications, such as airborne digital microfluidics, where we wish to have less random choices about which particles we trap and carry out droplet reactions with we must come up with better loading strategies for the traps. We envisage using single droplet maker devices (such as ink jet printer heads) to position the drops ready for accurate loading. Combining this sort of technique with the random process would also allow better implementation of digital microfluidics for real time sampling.
We envisage many applications for airborne optical manipulation and the initial type of work in this area is outlined in [14] and [15] with regard to atmospheric chemistry. Other application areas include the sampling and characterisation of aerosols [27, 28] such as bioaerosol sampling for anti-bioterrorism related work [29] and combustion studies [30] . There also exist many opportunities in more traditional optical manipulation studies, for example studying particle dynamics in the absence of a damping medium, optical rotation studies and even esoteric suggestions such as building neutrino detectors [31] .
